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All lymphocytesare thought todevelop fromcommon
lymphoid progenitors (CLPs). However, lymphoid-
primed multipotent progenitors (LMPPs) are more
efficient than CLPs in differentiating into T cells and
group 2 innate lymphoid cells (ILC2s). Here, we
have divided LMPPs into CD127 (LMPPs) and
CD127+ (LMPP+s) subsets and compared them with
Ly6D and Ly6D+ CLPs. Adult LMPP+s differentiated
into T cells and ILCs more rapidly and efficiently than
other progenitors in transplantation assays. The
development of T cells and ILC2s is highly active in
the neonatal period. Neonatal CLPs are rare and, un-
like prominent neonatal LMPP+s, do not efficiently
differentiate into T cells and ILC2s. ILC2s generated
in the neonatal period are long lived and persist in
adult tissues. These results suggest that some ILCs
and T cells may develop from LMPP+s via CLP-inde-
pendent pathways.INTRODUCTION
In the classical model of lymphopoiesis, all lymphocytes develop
from the common lymphoid progenitors (CLPs) in the bone
marrow (BM) (Kondo et al., 1997). They lack any myeloid poten-
tial and equally give rise to all lymphocytes including T, B, and
natural killer (NK) cells. They were initially identified by Line-
age-marker-negative (Lin) cKitloSca-1loCD127hi (IL-7Rahi) and
subsequently refined to include high expression of Fms-
related tyrosine kinase 3 (Flt3) (CD135; Karsunky et al., 2008).
CLPs are thought to develop from lymphoid-primed multipotent
progenitors (LMPPs) that are defined as LincKithiSca-
1hiFlt3hiCD127 BM cells. LMPPs have multiple lymphoid line-
age potentials and residual myeloid potential but no self-renewal
capacity (Adolfsson et al., 2005). In the classical model, CLPs are
the obligatory intermediate progenitors between LMPPs and
mature lymphocytes. However, the studies on early thymic pro-This is an open access article under the CC BY-Ngenitors (ETPs) suggested that T cell development might not
follow this classical pathway. ETPs were identified as the most
immature and efficient T cell progenitors in the thymus. ETPs
have residual myeloid potential, and their development is mostly
independent of the transcription factor Ikaros that is required for
the development of CLPs, suggesting that ETPs can develop
via a CLP-independent pathway (Allman et al., 2003; Bhandoola
and Sambandam, 2006). Furthermore, a subset of LMPPs
termed early lymphoid progenitors (ELPs) that was defined by
the expression of recombination-activating gene 1 (Rag1) are
much more efficient than CLPs in differentiating into T cells in
transplantation assays (Igarashi et al., 2002; Perry et al., 2006).
Although CLPs have the potential to differentiate into T cells,
they are barely detectable in the peripheral blood. In contrast,
circulating LMPPs can readily be detected (Schwarz and Bhan-
doola, 2004). CLPs have recently been re-defined by the expres-
sion of Ly6D. Ly6D CLPs have potent T and NK cell potentials
with residual myeloid potential and were termed all-lymphoid
progenitors (ALPs). In contrast, Ly6D+ CLPs mainly behave as
B cell progenitors and were termed B-cell-biased lymphoid pro-
genitors (BLPs) (Inlay et al., 2009).
The family of innate lymphocytes includes cytotoxic NK cells
and cytokine-producing innate lymphoid cells (ILCs) (Artis and
Spits, 2015; Diefenbach et al., 2014). Cytokine-producing ILCs
are divided into three subsets, namely group 1 (ILC1), group 2
(ILC2), and group 3 (ILC3), and share a common Id2-expressing
precursor, termed CHILP (common progenitor to all helper-like
ILCs) (Klose et al., 2014). Common ILC progenitors expressing
the transcription factor PLZF have also been identified and
found to overlap with CHILP (Constantinides et al., 2014).
Recently, early ILC progenitors (EILPs) have been identified as
progenitors of both cytotoxic and cytokine-producing ILCs
(Yang et al., 2015). Mature ILCs can be generated from CLPs
(Constantinides et al., 2014; Klose et al., 2014; Wong et al.,
2012).
We and others have previously reported that LMPPs are more
efficient than CLPs in generating BM ILC2 progenitors (ILC2Ps)
and lung ILC2s in transplantation assays (Halim et al., 2012;
Yang et al., 2011). To further elucidate the differentiation path-






Figure 1. Adult BM Lymphoid Progenitors Can Be Divided into Four Subsets
(A) Adult B6 mouse BM cells were analyzed by flow cytometry. Live (PI) CD45+ cells were gated for Lin (black gate) and then for cKithiSca-1+ (red gate),
cKitloSca-1lo (blue gate), cKitSca1lo/ (yellow gate), and cKitlo/Sca1hi (green gate). CKithiSca-1+ cells were further gated for Thy1ST2 (red gate, middle left)
and divided into Flt3hiCD127 (LMPPs) and Flt3hiCD127+ (LMPP+s; bottom left). CKitloSca-1lo cells were gated for Thy1ST2 (blue gate, middle center) and
then Flt3hiCD127+ (CLPs; bottom center). CKitlo/Sca1hi was gated for Thy1+ST2+ (green gate, middle right) and Flt3CD127+ (ILC2Ps; bottom right). Numbers in
plots indicate mean percentages of the gated cells in each plot.
(B) BM cells fromWT and CD127-null mice were analyzed by flow cytometry. LincKithiSca-1+ cells were first gated and the expressions of Flt3 and CD127 were
analyzed. The expression of CD127 on WT LMPPs (red) was compared to CD127 null (gray).
(C) LincKithiSca-1+ (red gate) and cKitloSca-1lo cells (blue gate) from adult RAG-1/GFPmouse BMwere analyzed for GFP expression by flow cytometry (top left).
The cKithi population was gated by Flt3 expression, and the Flt3hi subset (red gate, top middle) was subdivided by CD127 expression into LMPPs and LMPP+s
(top right). Bottom histograms show the expression of GFP by LMPPs (red), LMPP+s (red), and CLPs (blue) from RAG-1/GFP and WT control (gray).
(D) LMPPs, LMPP+s, and CLPs were analyzed for Ly6D expression.
(legend continued on next page)
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characterized various lymphoid progenitors in both adult and
neonatal mice and compared their capacities to differentiate
into the ILC and other lymphoid lineages. Our results suggest
that a subset of LMPPs defined by CD127 expression may
differentiate into T cells and ILCs independently of CLPs. The
CLP-independent pathways of T cell and ILC2 development
are particularly prominent in the neonatal period. Thus, we pro-
pose an alternative model of lymphocyte development, in which
lymphoid progenitors upstream of CLPs have direct contribu-
tions to the T and ILC lineage development.
RESULTS
Lymphoid Progenitors in Adult Mouse BM Can Be
Divided into Four Subsetswith Distinct Gene Expression
Profiles
We first divided Lin cells in adult mouse BM into subpopula-
tions based on the expression of cKit and Sca-1. Most
cKithiSca-1hi cells (Figure 1A, red gate) did not express Thy1
(CD90) or ST2 (IL-33R) and contained the conventional LMPPs
defined by high levels of Flt3 expression. In agreement with
previous reports (Adolfsson et al., 2005; Luc et al., 2012), a
minor fraction of LincKithiSca-1hiFlt3hi LMPPs (red gate) was
CD127+. CLPs were found in the cKitloSca-1lo population (blue
gate), which were Thy1ST2Flt3hiCD127+ cells (Karsunky
et al., 2008; Kondo et al., 1997), whereas ILC2Ps (Halim et al.,
2012) were cKitlo/Sca1hi (green gate) and expressed high levels
of Thy1, ST2, and CD127 but were negative for Flt3. In addition,
cKit cells included a population of Sca1lo/ cells (yellow gate).
This population had very little capacity to differentiate into lym-
phocytes in transplantation assays (data not shown) and was
not further analyzed. To confirm the expression of CD127 on
LMPPs, we stained LMPPs from wild-type (WT) and CD127-
null mice with anti-CD127. Flow cytometric analysis showed
clear expression of CD127 on a subset of WT LMPPs (Fig-
ure 1B). Therefore, LMPPs were divided into the CD127 and
CD127+ subsets and termed LMPP and LMPP+, respectively,
hereafter.
ELPs are a previously characterized Rag1+ subset of the adult
mouse BM LMPPs. As ELPs were reported to be CD127, we
examined Rag1 expression in LMPPs and LMPP+s in Rag1-
GFP knockin mice (Igarashi et al., 2002). Whereas the majority
of LinGFP+ cells were found in the cKitlo population (Figure 1C,
top left, blue gate), the cKithi population also expressed GFP,
albeit at lower levels and lower frequencies (red gate). When
the LMPP population was divided into CD127 and CD127+,
most GFP+ cells were in the latter whereas only a small fraction
of the former expressed GFP at a low level (Figures 1C, bottom,
and S1A, left histogram). Most CLPs highly expressed GFP. As
previously reported (Inlay et al., 2009), CLPs could be divided
into Ly6D and Ly6D+ subsets (Figure 1D) whereas most
LMPPs were negative for Ly6D. CLPs and LMPP+s expressed(E–G) RNA was extracted from purified LMPPs, LMPP+s Ly6D CLPs, and Ly
Expression of myeloid (E), B cell (F), and T cell lineage-associated genes (G) by pu
replicates), and Ly6D+ CLPs (n = 2 replicates) from adult mice is shown. Numbers
Tools (APT) method: lighter (yellow) shading indicates higher expression and dar
See also Figure S1.low VCAM-1 in comparison with LMPPs (Figure S1A, right
histogram).
We further compared LMPPs, LMPP+s, Ly6D CLPs, and
Ly6D+ CLPs by Affymetrix microarray gene expression analyses
(Figures 1E–1G and S1B–S1D; Table S1). All the progenitor pop-
ulations expressed the key transcription factors PU.1 (Sfpi1 in
mouse), Ikaros (Ikzf1), and E protein family member E2A (Tcf3),
whichare required for early lymphocytedevelopmental programs
(Rothenberg, 2014; Figure S1B). LMPP+s highly expressed the
myeloid cell-lineage-associated genes Cebpa, Mpo, Ctsg, and
Prtn3, although the expression of these genes was generally
lower in LMPP+s than LMPPs. These genes were expressed
at lower levels in Ly6D and lowest in Ly6D+ CLPs (Figure 1E).
The expression of B-cell-lineage-associated genes including
Ebf1, Pax5, Blk, Blnk, and Cd79a was lowest in LMPPs and
highest in Ly6D+ CLPs (Figure 1F). The expression of T-cell-line-
age-associated genes and the gene encoding the chemokine
receptor CCR9 that is important for trafficking into the thymus
(Sambandam et al., 2008; Zlotoff et al., 2008, 2010) was low in
LMPPs, but not significantly different among LMPP+s, Ly6D,
and Ly6D+ CLPs (Figure 1G). The expression of the genes related
to the development of NK and ILCs were generally very low
among the four progenitor populations (Figure S1C). Other differ-
entially expressed genes are listed in Figure S1D. Although Id2
expression was detected in LMPPs and CLPs, the protein prod-
uct was undetectable (Figure S1E), in agreement with previous
studies (Klose et al., 2014). LMPP+s and Ly6D CLPs signifi-
cantly differed in the expression of cKit, myeloid, some B cell
and innate lymphocyte-associated genes, and also some of the
genes listed in Figure S1D. The distinct gene expression profiles
of the four progenitor populations support the notion that these
are different lymphoid progenitor subsets.
Adult BM LMPP+s Are Potent Progenitors for T Cells
and ILCs
To determine the differentiation capacities of LMPPs and
CLPs, we purified LMPPs, LMPP+s, Ly6D CLPs, and Ly6D+
CLPs from adult C57BL/6 mouse BM (CD45.2) by cell sorting
and transplanted 2,000 cells each into lethally irradiated con-
genic B6.Ly5SJL mice (CD45.1) together with helper BM cells
from the lymphocyte-deficient non-obese diabetic (NOD)
severe combined immunodeficiency (SCID) Il2rg/ (NSG)
mice (CD45.1). To determine the kinetics of lymphocyte develop-
ment from these progenitor populations, transplanted mice
were analyzed at four time points post-transplantation (7, 10,
17, and 27 days). LMPP+s rapidly engrafted (7 days) and gener-
ated much-higher numbers of thymocytes than LMPPs and
CLPs over all time points (Figures 2A, top row, and S2A).
LMPP+-derived thymocyte numbers increased exponentially
from 300 on day 7 to 3 3 107 on day 17, whereas they
progressed from double negative (7 and 10 days) to double pos-
itive (17 days) and eventually to single-positive thymocytes6D+ CLPs and analyzed for global gene expression by Affymetrix microarray.
rified LMPPs (n = 3 replicates), LMPP+s (n = 3 replicates), Ly6D CLPs (n = 2
in boxes indicate normalized median values obtained by the Affymetrix Power
ker (blue) shading indicates lower expression.
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Figure 2. LMPP+s Are More Efficient Than
LMPPs and CLPs at Generating T Cells
and ILCs
(A) Ly6D CLPs, Ly6D+ CLPs, LMPPs, or
LMPP+s were purified by cell sorting from
C57BL/6 mice (CD45.2+), and 2,000 cells of each
population were intravenously injected with 105
helper BM cells from NSG mice (CD45.1+) into
lethally irradiated congenic B6.Ly5SJL recipients
(CD45.1+). The tissues of the recipient mice were
analyzed by flow cytometry at 7, 10, 17, and
27 days post-transplantation. Absolute numbers
of donor-derived thymocytes (top row), splenic B
cells (TCRNK1.1CD19+B220+; middle row), and
NK cells (TCRCD19NK1.1+; bottom row) are
shown.
(B) The lungs of the recipient mice were analyzed
at 17 and 27 days post-transplantation for donor-
derived ILC1s and ILC2s by flow cytometry. The
bar graphs show the absolute number of donor-
derived ILC1s (left) and ILC2s (right).
(C) The intestines of the recipient mice were
analyzed at 7 and 10 weeks post-transplantation
for donor-derived ILC2s and ILC3s. The bar graph
shows the absolute numbers of donor-derived
ILC2s (left) and ILC3s (right).
The absolute number of donor-derived cells in
tissues of recipient mice was calculated by multi-
plying cell frequency by the total number of cells.
Mean ± SEM; *p% 0.05; **p% 0.01; ***p% 0.001;
and ****p % 0.0001 (two-tailed Student’s t test).
Data are representative of at least three experi-
ments with four mice in each condition. See also
Figure S2.(1727 days; Figure S2B). The development of thymocytes from
LMPPs was slower than LMPP+s. CLPs generated less thymo-
cytes than LMPP+s. Donor-derived T cells from the four progen-
itor populations were also analyzed in the spleen at 17 and
27 days post-transplantation (Figure S2C). Significantly higher
numbers of T cells were detected from LMPP+-transplanted
mice in comparison with other subsets.
It was reported that BM LMPPs were themain T lymphoid pro-
genitors that have access to the thymus through blood (Allman
et al., 2003; Schwarz and Bhandoola, 2004). Therefore, we
analyzed the progenitors in the peripheral blood and found that474 Cell Reports 15, 471–480, April 19, 2016the circulating LMPPs were uniformly
CD127+, phenotypically resembling BM
LMPP+s (Figure S2D).
In contrast to T cells, more spleen B
cells (CD19+B220+) were generated from
Ly6D+ CLPs than from Ly6D CLPs,
LMPP+s, and LMPPs at 7 and 10 days
post-transplantation (Figures 2A and
S2E). Significantly, more B cells were
generated from LMPPs and LMPP+s
than CLPs at 17 and 27 days.
LMPP+s more rapidly differentiated
into NK cells than LMPPs and CLPs at
7 days post-transplantation (Figure 2A,bottom row). More NK cells were generated from Ly6D CLPs
than other progenitors at 10 days. At 17 days post-transplanta-
tion, more NK cells were generated from LMPP+s.
We detected donor-derived ILC1s (NK1.1+CD127+Thy1+
TCRCD19Gr-1) and ILC2s (LinThy1+ST2+CD127+) in the
lungs of the recipient mice at 17 and 27 days post-transplanta-
tion whereas they were undetectable at earlier time points.
Very few ILC1s were generated from CLPs, whereas the number
of LMPP+-derived ILC1s was considerably higher at 17 days
(Figures 2B, left, and S2F). Significantly (p < 0.05) more lung
ILC2s were generated from LMPP+s than CLPs at 17 days
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Figure 3. Lineage Tracking by RAG Expres-
sion
(A) Lethally irradiated B6.Ly5SJL mice received 5–8
3 106 BM cells from Rag-1/Redmice or normal B6
mice (control). Eight weeks later, cells in the BM,
spleen, and lung of the recipient mice were
analyzed by flow cytometry. Histograms show the
expression of tdRFP in indicated populations from
Rag-1/Red mice (shaded) and from control mice
(dashed line).
(B) Donor-derived Rag/Red CLPs, Rag/Red+
CLPs, LMPPs (Rag/Red), and Rag/Red
LMPP+s were purified from the Rag-1/Red trans-
planted mice in (A) and intravenously injected
(2,000 cells per mouse) into lethally irradiated
B6.Ly5SJL mice, along with 105 helper BM cells
from NSG mice. The cells in the thymuses of the
recipient mice were analyzed 3 weeks post-
transplantation. Live donor-derived cells (CD45.1
CD45.2+) were gated. The bar graph shows the
absolute numbers of donor-derived thymocytes.
(C) The lungs of the recipient mice were analyzed
at 3 weeks post-transplantation for donor-derived
ILC2s. Live LinThy1+ cells were first gated, and
donor-derived ILC2s were gated by ST2+CD127+
(top) and CD45.1CD45.2+ (bottom). The bar
graphs show the absolute number of donor-
derived ILC2s.
The numbers indicate the percentages of cells in
the gates. The data are representative of two ex-
periments. See also Figure S3.post-transplantation, and this difference was more evident at
27 days (Figures 2B, right, and S2G). The generation of intestinal
ILCs after transplantation was rather slow. At 7 and 10 weeks
post-transplantation, significantly more intestinal ILC2s and
ILC3s were generated from LMPP+s than CLPs (Figures 2C
and S2H). Analysis of the small intestine at shorter time points
generated the same results with very small numbers of donor-
derived cells (data not shown).
Thus, all the tested progenitor populations are capable of
differentiating into T, B, and NK cells and ILCs. However, they
are significantly different fromeach other in their kinetics of differ-
entiation and total numbers of progenies. LMPP+s are the most
potent and rapid progenitors of T cells and ILCs. In contrast,
much-smaller numbers of lymphocytes are generated from
CLPs,with the exception of B cells. Ly6DCLPs are efficient pro-
genitors toNKcells at 10 dayspost-transplantation. In addition to
lymphocytes, myeloid cells (CD11b+NK1.1TCRCD19) were
generated in the spleen from LMPPs at 7 and 10 days post-
transplantation (Figure S2I). Small numbers of myeloid cells
were also generated from LMPP+s and Ly6D CLPs.CeLineage Tracking by RAG
Expression
To investigate the differentiation of
LMPPs and CLPs into the innate lympho-
cyte lineages at steady state, we
analyzed the RAG-1-Cre/Rosa26 tandem
dimer red fluorescent protein (tdRFP)mice (RAG/Red), in which RAG-1 expression during lymphocyte
development results in irreversible expression of tdRFP (Welner
et al., 2009). LMPPs were almost all negative for RAG/Red,
whereas 25% of LMPP+s, 40% of Ly6D CLPs, and 60%
of Ly6D+ CLPs were RAG/Red+ (Figures 3A and S3A). As ex-
pected, almost all T cells (not shown) and a very small fraction
of myeloid cells expressed RAG/Red. Only about 20% of splenic
NK cells were RAG/Red+. About 33% of BM ILC2Ps and 40%
of lung ILC2s were RAG/Red+. We also compared the differenti-
ation potential of RAG/Red and RAG/Red+ CLPs with LMPPs
and RAG/Red LMPP+s by transplantation assays. RAG/Red
LMPP+ transplantation resulted in the most-efficient thymic
engraftment and thymocyte generation compared to other pro-
genitors (Figures 3B and S3B). Very few ILC2s were generated
from CLPs, whereas the number of RAG/Red LMPP+-derived
ILC2s was significantly higher (Figure 3C).
To investigate whether the development of ILC2s could
bypass the CLP stage of development, we analyzed Flt3-
ligand-deficient (Flt3l/) mice. In agreement with previous





Figure 4. LMPP+s Are Major ILC2 and T Cell Progenitors in Neonatal BM and Spleen
(A) TheBMs and spleens of 1- and 10-day-old neonatal C57BL/6micewere analyzed by flow cytometry. Live (PI) CD45+ cells were first gated for LinThy1 (blue
gate) and LinThy1+ (brown gate) cells. LinThy1were then gated for cKithiSca-1+ (red gate) and cKitloSca-1lo (black gate). LMPPs, LMPP+s, and CLPs were
identified by the expression of Flt3 and CD127. ILC2Ps among LinThy1+ cells were identified by ST2+CD127+cKitlo/Sca1hi.
(B and C) Absolute numbers of lung ILC2s (B) and ETPs (C) at different neonatal and adult time points.
(legend continued on next page)
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Flt3 ligand is necessary for the efficient generation of both
LMPPs and CLPs. However, LMPPs were less severely
reduced than CLPs and LMPP+s in Flt3l/ mice (Figure S3C).
ILC2Ps were also greatly reduced, and yet near normal numbers
of ILC2s were found in the lungs of Flt3l/ mice (Figures S3D
and S3E). These results, combined with the efficient generation
of ILC2s from LMPPs in transplantation assay (Figure 3C),
imply that the ILC2 development does not strictly require CLPs
or LMPP+s as an intermediate stage and these cells can directly
develop from the more-immature LMPP-s.
LMPPs Are the Predominant Neonatal Lymphoid
Progenitors when ILC2 and TCell Development Is Highly
Active
We analyzed progenitors in the perinatal period. As ILC2Ps and
ILC2s were undetectable in the fetal liver and lung (data not
shown), we analyzed neonatal tissues. In 1-day-old mouse
BM, there were almost undetectable numbers of CLPs and
LMPP+s (Figure 4A, top row). No lymphoid progenitors were
found in newborn mouse liver (Figure S4A). Instead, lymphoid
progenitors present in the 1-day-old spleen were predomi-
nantly LMPP+s, whereas CLPs were barely detectable (Fig-
ure 4A, second row). Similarly, ILC2Ps were undetectable in
the BM of 1-day-old mice but abundant in the spleen at this
time point. In 10-day-old mice, lymphoid progenitors were
found in both the BM and spleen (Figure 4A, third and fourth
rows). Only 300 ILC2s in the lung of 1-day-old mice were
detected, but the number of lung ILC2s rapidly increased to
more than 15,000 in 10-day-old mice (Figure 4B). In agreement
with published findings (Luc et al., 2012), the frequencies of
ETPs were much higher in neonatal compared to adult mice
(Figure S4B). The total number of ETPs peaked in 10-day-old
mice (Figure 4C). Therefore, there appeared to be a wave of
rapid expansion of both lung ILC2s and thymus ETPs between
5 days and 10 days after birth.
We analyzed neonatal BM and spleen at different time points
after birth. LMPP+s were much more abundant than CLPs in
neonatal BM and spleen (Figure 4D). CHILPs and ILC2Ps were
also detected in the spleen of neonatal mice (Figure 4E). These
observations suggested that LMPP+s in the spleen are themajor
progenitors for ETPs, ILC2s, and CHILPs up to 5-day-old mice.
The site of lymphopoiesis slowly shifts from the spleen to BM,
but CLPs remain a minor population until 10 days after birth (Fig-
ures 4D and S4C).
We also analyzed lymphoid progenitors in the peripheral blood
of neonatal mice. Almost five times more LMPP+s than CLPs(D) Absolute numbers of LMPP+s and CLPs from spleen and BM at different neo
(E) Absolute numbers of CHILPs defined as CD45+LinThy1+CD127+GFP+ST2C
neonatal time points.
(F) CLPs or LMPP+s were purified from pooled spleen cells of 3- to 6-day-old C57
intravenously injected into lethally irradiated congenic B6.Ly5SJL recipients. The
Donor-derived (CD45.1D45.2+) cells were gated (top) and analyzed for CD4 and
T cells in the recipients’ thymus.
(G) The lungs of the recipient mice were analyzed 2 weeks post-transplantation. L
(top row), and ILC2s were further gated by CD127+ST2+ (bottom row). The ba
transplanted mice.
*p% 0.05; ****p% 0.0001 (two-tailed Student’s t test). Numbers in plots indicate th
independent analyses, and error bars show the SEM. See also Figure S4.were detected in the neonatal blood (Figure S4D). Interestingly,
high frequencies of ILC2-like cells were also found in the
neonatal blood.
Neonatal LMPP+s and CLPs were purified from 3- to 6-day-
old mouse spleens and transplanted into irradiated congenic
B6.Ly5SJL recipients. In comparison with CLPs, LMPP+s
showed robust thymic engraftment and generated significantly
(p < 0.05) more T cells 2 weeks post-transplantation (Figure 4F).
We then compared neonatal spleen LMPP+s, CLPs, and CHILPs
for their ILC2 potential. Neonatal LMPP+s efficiently gave rise to
ILC2s in the lung (Figure 4G). The numbers of ILC2s generated
from CHILPs and LMPP+s were not significantly different. These
results suggest that LMPP+s are the main source of T cells and
ILC2s in the neonatal stage.
Lung ILC2s Generated in the Neonatal Period Persist in
Adult Mice
To determine the turnover rate of adult mouse lung ILC2s, they
were labeled by bromodeoxyuridine (BrdU) in drinking water.
Adult lung ILC2s slowly incorporated BrdU, but the percent-
ages of BrdU-labeled ILC2s remained less than 25% (Fig-
ure 5A). It was not due to inefficient delivery of BrdU to the
lung, because the majority (over 75%) of lung ILC2s stimulated
by intranasal papain injections were efficiently labeled by BrdU
in drinking water (Figure 5B, left). ILC2 progenitors in the BM of
naive mice were also labeled by BrdU (Figure 5B, right). There-
fore, the large majority of lung ILC2s in naive adult mice
seemed to be long-lived quiescent cells. To test whether
ILC2s generated in the neonatal period persist and become
quiescent ILC2s in adult lungs, neonatal mice received intra-
nasal injections of BrdU at days 4, 6, and 9 after birth (Figure 5C,
diagram). At day 10, a large majority of neonatal lung ILC2s was
labeled by BrdU (Figure 5C, left histogram). Six weeks after the
BrdU injections, almost 30% of lung ILC2s were positive for
BrdU, although the intensities of BrdU labeling significantly
decreased (Figure 5C, right histogram). These results indicate
that lung ILC2 development is highly active in the neonatal
period, whereas the majority of adult lung ILC2s are quiescent
with only a minor subset turning over. Furthermore, a sizable
subset of adult lung ILC2s seem to be generated in the neonatal
period.
DISCUSSION
In the conventional scheme of lymphocyte differentiation, all
lymphocytes develop from CLPs in a single linear pathway ofnatal time points.
D25 (top) and ILC2Ps (bottom) from spleen and BMof Id2Gfp/+ mice at different
BL/6 mice, and 1,125 cells each, along with 105 BM cells from NSGmice, were
thymuses of the recipient mice were analyzed 2 weeks post-transplantation.
CD8 expression. The bar graph shows the absolute numbers of donor-derived
ive (eF780) donor-derived (CD45.1CD45.2+) cells were gated for LinThy1+
r graph shows the absolute numbers of donor-derived ILC2s in the lungs of
emean percentages of the cells in the gates. The data are representative of four
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AB C
Figure 5. Neonatal Lung ILC2s Persist in
Adult Mice
(A and B) Mice were given drinking water con-
taining 0.8 mg/ml BrdU continuously. Lung
ILC2s were collected (black) and analyzed by
flow cytometry for BrdU incorporation at the
days indicated, after the start of BrdU treatment
(A). Mice given plain drinking water were used
as controls (gray). BrdU-labeled lung ILC2s
were analyzed from mice that received three
consecutive intranasal doses of papain (15 mg,
black) or PBS (control, gray) and analyzed
4 days later (B, left histogram). BrdU incorpora-
tion by ILCPs on day 14 for mice with BrdU
(black) or plain drinking water (gray) is shown
(B, right histogram).
(C) Left diagram shows intranasal injections BrdU
on days 4, 6, and 9. Lungs were collected at indicated time points. Right histograms show the staining for BrdU at indicated time points.
The numbers indicate the percentages of cells in the gates. The data are representative of four replicates.HSC/ LMPP/ CLP/ committed progenitors (pre-T, Pre-B,
NKP, and CHILP)/ mature T, B, NK, and ILCs. However, our
current study suggests that many T cells and ILCs likely develop
from LMPP+s bypassing CLPs, particularly in the neonatal
period, which is a critical stage of their development. LMPP+s
significantly differ from the conventional LMPPs, termed
LMPPs in our study, in their capacity to differentiate into lym-
phocytes and myeloid cells as well as in their gene expression
profiles. In transplantation assays, LMPP+s are much more effi-
cient than the LMPPs in thymic engraftment and differentiation
into ILCs, whereas they are less efficient in generating myeloid
cells in vivo. LMPP+s are similar to ALPs reported by Inlay
et al. (2009) in surface marker expression and myeloid potential.
It is notable that ALPs include both cKithi and cKitlo cells in the
BM, which likely correspond to LMPP+s and Ly6D CLPs,
respectively, in our current study. Our results indicate that
LMPP+s and Ly6D CLPs significantly differ from each other in
the expression of myeloid-, some B-cell-, and innate lympho-
cyte-associated genes. Furthermore, LMPP+s are more rapid
and efficient than Ly6DCLPs in generating thymocytes, splenic
T cells, and ILCs. Although it is possible that LMPP+s transiently
differentiate into Ly6D CLPs before further differentiating into
T cells and ILCs, the kinetics analyses of the transplantation as-
says suggest that LMPP+s are capable of differentiating into
those lymphocytes without first differentiating into Ly6D
CLPs. In contrast, Ly6D+ CLPs differentiate into B cells more
rapidly and efficiently than other progenitors. At later time points
post-transplantation, more B cells are generated from LMPP+s
than from Ly6D+ CLPs, which can be explained by the develop-
ment of more Ly6D+ CLPs from LMPP+s and subsequent gener-
ation of high numbers of B cells.
In newborn mice, BM and liver contain no CLPs or LMPPs,
whereas LMPP+s, CHILPs, and ILC2Ps are readily detectable
in the spleen. Thus, during the transition of the site of lymphopoi-
esis from fetal liver to neonatal BM in the first 3 days after birth,
lymphopoiesis mostly occurs in the spleen. The numbers of
CLPs remain much lower than LMPP+s in neonatal spleen and
BM up to 10 days after birth whereas T cell and ILC2 develop-
ment is highly active. Transplantation experiments confirmed
that neonatal CLPs have very low capacity to differentiate into478 Cell Reports 15, 471–480, April 19, 2016T cells and ILC2s. Therefore, neonatal T cells and ILC2s mostly
develop from LMPP+s.
Normal adult mouse BM contains five times more CLPs than
LMPP+s that possibly contribute to the ILC lineage in adult
mice. However, our BrdU labeling experiments indicate that
only a minor fraction of adult ILC2s seems to turn over. Further-
more, ILC2s generated in the neonatal period persist through
adulthood. Gasteiger et al. (2015) have recently shown that
most adult mouse ILCs are tissue resident and very few of
them turn over, indicating that the development of ILCs from
lymphoid progenitors in adults is very limited. LMPP+s also
seem to be the major T cell progenitor in steady state, not just
in transplantation assays. These cells are not only more abun-
dant than CLPs in neonatal micewhen intrathymic T cell differen-
tiation is most active but also are readily detected in the periph-
eral blood of adult and neonatal mice, suggesting that LMPP+s
emigrate from the adult BM and neonatal spleen, circulate, and
seed the thymus.
Our data suggest that, at least some long-lived T cells and
ILCs develop from LMPP+s bypassing the CLP stage at the
neonatal stage and persist into the adulthood, whereas short-
lived B cells are continuously produced from the prevalent BM
Ly6D+ CLPs in adults. Ly6D CLPs may also contribute to the
T and ILC lineages in adult mice. However, the development of




C57BL/6 (B6), B6.Ly5SJL, and NSG mice were maintained in the British
Columbia Cancer Research Centre (BCCRC) animal facility, under specific
pathogen-free conditions. B6.129S(Cg)-Id2tm2.1Blh/ZhuJ (Id2Gfp/+) mice were
purchased from the Jackson Laboratories. Adult mice were used at 6–8 weeks
of age. All animal use was approved and performed in accordance with the
guidelines of the animal care committee of the University of British Columbia
and the Canadian Council on Animal Care.
Rag-1/Red and Rag-1/GFP
BMs from Rag-1/Red and Rag-1/GFP mice were received from Dr. Paul Kin-
cade’s laboratory, Department of Microbiology and Immunology, University
of Oklahoma Health Sciences Center.
Primary Leukocyte Preparation
Cell suspensions were prepared from the BM, lungs, and spleen as described
(Veinotte et al., 2008). Cell suspensions from small and large intestines were
prepared as described (Halim et al., 2012).
Flow Cytometry and Cell Sorting
All antibodies (ABs) were purchased from eBioscience unless otherwise speci-
fied.Lineage (Lin)markerABsconjugatedwitheitherFITCoreFluor450 included
anti-CD3ε, TCRab, TCRgd, CD19, B220, Mac-1, Gr-1, Ter119, and CD11c.
Additional Abs used included fluorescein isothiocyanate (FITC)-conjugated
anti-CD45.1, Ly6D, and CD106 (VCAM-1); PE-conjugated anti-CD127; PerCP-
Cy5.5-conjugated anti-CD19 and CD25; PerCP-710-conjugated anti-ST2;
PE.Cy7-conjugated anti-Sca-1; PE.Cy5-conjugated anti-CD25; allophycocya-
nin (APC)-conjugated anti-CD117 (cKit) andNK1.1; APC-eFluor780-conjugated
anti-B220;Alexa-Fluor-700-conjugatedanti-CD45.1; eFluor 605NC-conjugated
Thy1.2; BD Horizon V500-conjugated anti-CD45 and CD45.2 (BD Bioscience);
andFITC-conjugatedanti-ST2 (MDBioproducts).Propidium iodide (PI) or eFluor
780 (eBioscience) were used to exclude non-viable cells. The BD LSRFortessa
cell analyzerwasused for phenotypic analysis; BDFACSAria IIIwasused for cell
sorting. Flowjo v. 8.7 (Treestar) was used for data analysis.
RNA Isolation and Microarray
Total RNA from highly purified sorted progenitors was extracted using Trizol
(Invitrogen). Agilent Bioanalyzer 2100, RNA amplification, and microarray ser-
vices were performed by Sick Kids, The Centre for Applied Genomics. Hybrid-
ization was carried out on the Affymetrix Mouse GeneChip ST 2.0. All data
analysis was performed with FlexArray 1.6.3 (Genome Quebec).
BM Transplantation
B6.Ly5SJL (CD45.1) mice were lethally irradiated (10 Gy or two doses of 6 Gy
with 4-hr wait in between) and intravenously transplanted with highly purified
progenitors. Drinking water of the irradiated mice was supplemented with cip-
rofloxacin and HCl for 4 weeks.
BrdU Administration
Neonatal mice received three daily intranasal injections of 0.4 mg of BrdU.
Lungs were collected at indicated time points. Adult mice were given drinking
water containing 0.8 mg/ml BrdU, which was prepared freshly every 2nd day
until experimental endpoint. Staining for BrdU was done using a FITC BrdU
Flow Kit (BD Biosciences).
Statistics
Data were analyzed using GraphPad Prism version 6 (GraphPad Software). A
Student’s t test was used to determine statistical significance between groups.
ACCESSION NUMBERS
The accession number for the microarray data reported in this paper is GEO:
GSE67034.
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